Our objective was to study the effects of dietary energy source (fat or starch) on periestrus hormone profiles and embryonal survival in primiparous sows. During lactation, 48 primiparous sows were fed either a starch-rich or a fat-rich diet, at either a high (44 MJ NE/d) or a low (33 MJ NE/d) feeding level. After weaning, all sows received the same amount of feed (31 MJ NE/d from weaning to estrus and 17.5 MJ NE/d from breeding to slaughter) of the same dietary energy source fed during lactation. Around estrus, blood samples were taken to analyze the preovulatory LH surge, estradiol (E 2 ), and progesterone (P 4 ). Sows were inseminated on each day of standing estrus. On d 35 after last insemination, all 35 pregnant sows were slaughtered and their reproductive tracts were removed. The number, weight, and length of the embryos and placentas were determined as well as the weight and length of the uterus. The LH, E 2 , and P 4 profiles were similar for the treatment groups, except for the E 2 levels at 16, 12, and 8 h before the LH surge, which were lower in the sows fed the fat-rich diet at a low
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Received February 16, 1999 . Accepted July 27, 1999 405 level. Ovulation rate tended to be higher in sows fed the high compared to the low feeding level during lactation (18.0 vs 16.2; P = .09), but the number of total and viable embryos as well as embryonal survival rate were not influenced by the treatments. Neither uterine length and weight nor length and weight of the embryos and placentas were affected by treatments. However, after removal of the embryo-placental units, uterine weight was greater in sows fed the high than in those fed the low feeding level during lactation (1.8 vs 1.6 kg; P = .03). Plasma insulin concentration during lactation was not related to any of the uterine, placental, or embryo traits. Mean progesterone concentration between 24 and 250 h after the LH surge was positively correlated with embryonal survival. Differences in progesterone concentration between sows with high and low embryonal survival were evident from 172 h after the LH surge. From the present study, we conclude that altering feeding level during lactation or dietary energy source from farrowing until d 35 of subsequent pregnancy did not affect embryonic development and embryonal survival.
1997) during different stages of the reproductive cycle can affect embryonic development and embryonal survival. In primiparous sows, a low feeding level during lactation is associated with an increased embryonal mortality (Kirkwood et al., 1990; Baidoo et al., 1992; Zak et al., 1997a) , possibly due to impaired ovarian follicular development in restricted-fed sows (Zak et al., 1997b; Quesnel et al., 1998 ). An intermediary between nutrition and follicular development could be the metabolic hormone insulin (see Pettigrew and Tokach, 1993 for review) . Insulin is correlated with LH pulsatility (Tokach et al., 1992) , and insulin (Matamoros et al., 1991) and LH (Driancourt et al., 1995) seem important for follicular development. Furthermore, Kemp et al. (1995) found a higher LH surge and higher progesterone concentrations in sows fed a carbohydrate-rich diet (more insulin stimulation) than in sows fed a fat-rich diet (less insulin stimula-tion). A higher progesterone concentration is associated with an increase in embryonal survival (Ashworth, 1991; Jindal et al., 1996) . Therefore, insulin could be an intermediary between nutrition and embryonic development and embryonal survival.
To investigate whether insulin-stimulating diets, fed during a longer period (lactation, weaning-to-estrus interval, and subsequent pregnancy) can affect embryonic development and embryonal survival, an experiment with primiparous sows was conducted.
Materials and Methods

General Design
From d 3 (range 0 to 5) of lactation, primiparous Yorkshire × Dutch Landrace sows (eight groups of six sows) were allotted to a 2 × 2 factorial experiment. Treatments were feeding level during lactation (High: 44 MJ NE/d or Low: 33 MJ NE/d) and major dietary energy source (Fat or Starch) fed during the entire experiment. Each group was assigned to one of the two feeding levels alternatively, and, within all groups, sows received either the Starch or the Fat diet. The Starch and Fat diets consisted of a basal diet, to which either tallow (Fat) or maize starch plus dextrose (Starch) was added. Within each feeding level, both diets were fed to be isocaloric and isonitrogenous. After weaning on d 22 after farrowing, all sows were fed the same diet as during lactation, but all sows received the same amount of feed (31 MJ NE/d during the weaningto-estrus interval [WEI] and 17.5 MJ NE/d from breeding to slaughter).
For frequent blood sampling, all sows were surgically fitted with a permanent jugular vein catheter on d 8 (range 6 to 11) before parturition as described previously (Soede et al., 1997) . On d 2 after weaning, ovarian follicles were measured with ultrasonography as described by Soede et al. (1997) .
Thirty-eight sows that exhibited estrus within 10 d after weaning were inseminated with a commercial dose of semen (3 × 10 9 sperm cells) on each day of estrus. A full description of animal management and diet compositions has been reported elsewhere (van den Brand et al., 2000) .
Blood Sampling
From 48 h after weaning, blood samples were collected at 4-h intervals until 24 h after the end of estrus. Thereafter, blood samples were taken each 12 h for 9 d. Blood samples were collected in ice-cooled polypropylene tubes containing 100 L of EDTA solution (144 mg/ mL saline), placed on ice immediately after collection, and centrifuged at 2,000 × g for 10 min at 4°C. Plasma was stored at −20°C until analysis. Due to the lack of catheter patency in two sows (High Starch and Low Starch), no hormone data were available for these sows.
Plasma Analyses
Thirteen samples taken each 4 h around the expected LH surge were analyzed with a RIA for LH concentrations, as described elsewhere (van den Brand et al., 2000) .
Concentrations of estradiol were analyzed in duplicate with a RIA in samples taken each 8 h from 76 to 36 h before the LH surge and in samples taken each 4 h from 36 h before to 36 h after the LH surge, as described previously (Van de Wiel et al., 1981) . The interassay CV (n = 21) was 10.9% at 3.2 pg/mL, and the intraassay was 4.5% at 8.9 pg/mL.
Plasma progesterone concentrations were measured in duplicate with a RIA in samples taken from 24 to 52 h after the LH surge in 4-h intervals and from 52 to 250 h after the LH surge in 12-h intervals, as described previously by Soede et al. (1997) . The intra-and interassay CV (n = 19) were 7.1 and 11.6%, respectively, at 4.3 ng/mL.
Uteri, Placentas, and Embryos
On d 35 after the last insemination, all pregnant sows were slaughtered, and their reproductive tracts were removed. Uterine horns were separated from the mesometrium and opened at the antimesometerial side. Samples of allantoic and amniotic fluid were taken, and embryos were separated from their placentas. Each fetus was classified as viable or nonviable, which was based on the presence of strongly hemolyzed amniotic fluid and(or) resorbed fetal membranes. Embryonal survival was calculated and defined as the number of viable embryos divided by the number of corpora lutea. Individual fetal weights and crown−rump lengths were determined. After removal from the endometrium, individual placentas were weighed, and their functional length between the necrotic tips was measured. Weight of the uterine horns, after removal of the embryo-placental units, was measured. The length of the uterine horns was measured on a wet surface. One sow (High Starch) aborted on d 35 of gestation, just before slaughter. From this sow, the number, weight, and length of the embryos, embryonal survival rate, and placenta characteristics were not available. The number of corpora lutea, luteal weight, uterus weight, and progesterone concentrations were still available.
Glucose concentrations in the allantoic and amniotic fluid were determined spectrophotometrically with the glucose oxidase-peroxidase anti-oxidase method using a validated commercial kit (GOD-PAP, Boehringer, Mannheim, Germany).
Statistical Analyses
Profiles of the LH surge, estradiol, and progesterone concern only sows that came into estrus within 10 d after weaning.
Embryo and placental measures were averaged per sow and used in the statistical analyses.
All data were analyzed with the GLM procedure of SAS (1990) using the following model:
, where Y ijk = dependent variable; µ = overall mean; F i = feeding level (i = High, Low); e1 ij = error term 1, which represented the random effect of group j (j = 1 to 4) nested within feeding level; E k = energy source (k = Fat, Starch); (F × E) ik = feeding level × energy source interaction; and e2 ijk = residual error. Effect of feeding level was tested against error term 1. Effect of energy source and the feeding level × energy source interaction were tested against error term 2.
To analyze the relationships between periestrus hormone concentrations and uterine, placental, and embryonic traits, variables were introduced into the GLM procedure as a covariate and tested against error term 2. When the interaction between the covariate and one of the treatments was significant (P < .10), relationships were calculated per treatment. When these interactions were not significant, simple overall correlations were performed. In the results, only significant relationships are described.
To analyze the overall effects of embryonal survival on progesterone profiles, sows were divided in two classes, regardless of treatments: above-and belowaverage embryonal survival of the pregnant sows on d 35 of pregnancy (69.1%). These two classes were used in a GLM procedure with only embryonal survival as class variable. All data are presented as least squares means ± SEM.
The percentage of sows that exhibited estrus within 10 d after weaning and the percentage of sows that were pregnant on d 35 after insemination were tested with Fisher's exact test (SAS, 1990) .
Results
Periestrus Hormone Profiles
Figures 1a, 1b, and 1c show the LH surge and profiles of plasma estradiol and progesterone concentrations per treatment. Plasma estradiol concentration was significantly lower at 16, 12, and 8 h before the LH surge in sows of the Low Fat treatment than in sows of the three other treatments (feeding level × energy source interaction; P < .05). Maximum estradiol concentration was also lower in sows of the Low Fat treatment than in the other treatment (25.9 vs 31.9 pg/mL; SEM = 1.7; P = .04). Plasma LH surge and progesterone profiles were not influenced by treatments at any sampling time.
Ovary Characteristics and Embryonal Survival
More sows fed the High feeding level during lactation came into estrus within 10 d after weaning than sows fed the Low feeding level (96 vs 63%; P = .01). Follicle size on d 2 after weaning of the sows that exhibited estrus tended to be greater in sows fed the Starch diet than in sows fed the Fat diet (3.8 vs 3.1 mm; SEM = .2; P = .06; Table 1 ). On d 35, 35 of the 38 sows were pregnant. Overall pregnancy rate (92%) was not influenced by treatments. Although ovulation rate tended to be higher in sows fed the High than in those fed the Low feeding level during lactation (18.0 vs 16.2; SEM = .6; P = .09), numbers of total and viable embryos on d 35 and embryonal survival were not affected by treatments (Table 1 ). Figure 1 . Periestrus LH (SEM = .4), estradiol (SEM = 1.5), and progesterone (SEM = 3.2) profiles per treatment (*P < .05 for Low Fat vs High Fat, High Starch, and Low Starch). Number of observations for all profiles was 11, 9, 6, and 7 for High Fat, High Starch, Low Fat, and Low Starch, respectively. For ovulation rate and luteal weight, n = 10; for viable embryos and embryo survival, n = 9.
Uteri, Placentas, and Embryos
After removal of the embryo-placental units, uterine weight was higher in sows fed the High than in sows fed the Low feeding level during lactation (1.8 vs 1.6 kg; SEM = .1; P = .03; Table 2 ). Uterine length, placental weight, and length, as well as embryo weight and length, were not influenced by treatments. Glucose concentration in the allantoic and amniotic fluid was not affected by treatments.
Relationships Between Periestrus Hormones and Intrauterine Development
Embryonic and Placental Development. In sows fed the High feeding level during lactation, the number of viable embryos (range 9 to 16) was negatively correlated with average placental weight (placental weight [g] = 58.5 − 5.2 × number of embryos [n]; r = −.73; P < .001), whereas in sows fed the Low feeding level during lactation (range of 6 to 16 viable embryos), this correlation was absent. Regardless of treatment, average embryo and placental weight were positively correlated (em- 
Discussion
Our objective for the present study was to influence embryonic development and embryonal survival as well Figure 2 . Relationship between mean progesterone concentration (24 to 250 h after LH surge) and embryonal survival (n = 32). The horizontal line represents the average embryonal survival of all pregnant sows on d 35 (69.1%) and the vertical line is arbitrarily drawn.
as periestrus hormone profiles by nutritional manipulation of the plasma insulin concentration profiles, as previously shown by Kemp et al. (1995) . During lactation, plasma insulin concentrations were higher in sows fed the Starch diet than in those fed the Fat diet, but feeding level did not affect plasma insulin concentrations (van den Brand et al., 2000) .
In contrast with Baidoo et al. (1992) and Prunier et al. (1993) , plasma estradiol concentrations before the LH surge were affected by feeding level during the previous lactation. The maximum estradiol concentration was lower in sows fed the fat-rich diet on the Low feeding level during the lactation than in sows of the other three groups. We speculate that the lower estradiol concentrations are due to the smaller follicle size after weaning as found in the sows of the Low Fat treatment. Kemp et al. (1995) did not observe any differences in estradiol concentration between sows fed either a starch-rich or a fat-rich diet. However, they only used a high feeding level during lactation. Figure 3 . Plasma progesterone profiles per class of embryonal survival (< 69.1% (n = 13) or > 69.1% (n = 19); SEM = 2.2; #P < .10, *P < .05).
In the present study, no influences of treatments on LH surge or plasma progesterone profiles were found, in contrast with the study of Kemp et al. (1995) . They found a higher preovulatory LH surge and higher progesterone concentrations in sows fed a starch-rich diet than in sows fed a fat-rich diet.
In contrast with the studies of Kirkwood et al. (1987 Kirkwood et al. ( , 1990 ), no effect of lactational feed intake on progesterone concentration was observed. Possibly due to the relatively mild contrast in lactational feed intake in the present study (25%), no differences in progesterone concentrations were found.
Because primiparous sows seem to be more sensitive to negative energy balance during lactation than multiparous sows (Hughes, 1989) , no effects of dietary energy source on LH surge and plasma progesterone concentrations were found in the present study. This might possibly explain the contrast with the study of Kemp et al. (1995) with multiparous sows.
In studies of Kirkwood et al. (1990) , Baidoo et al. (1992) , and Zak et al. (1997a) , restricted feed intake during a part of lactation resulted in a lower embryonal survival in the subsequent pregnancy. Zak et al. (1997b) and Quesnel et al. (1998) showed that follicular development was impaired in sows that were restricted-fed during lactation. This might be the reason for the higher embryonal mortality in those sows (Zak et al., 1997a) . This "follicular imprinting" might be mediated by the metabolic hormone insulin, as suggested by Quesnel et al. (1998) . In the present study, no effect of feeding level during lactation on embryonic development and embryonal survival was observed, nor did feeding level influence plasma insulin concentration during lactation (van den Brand et al., 2000) or follicle size after weaning, although ovulation rate tended to be higher in sows fed the High feeding level during lactation. In the present study, the contrast between High and Low feed intake during lactation was only 25%, whereas in the studies of Kirkwood et al. (1990) , Baidoo et al. (1992) , Zak et al. (1997a,b) , and Quesnel et al. (1998) the difference between the high and low feeding level was approximately 50%. A restriction in feed intake during lactation of only 25% does not seem sufficient to induce differences in plasma insulin concentration and embryonal survival.
The effect of dietary energy source on embryonal survival in pigs seems to be absent. In agreement with the present study, Kemp et al. (1995) did not find an effect of feeding a starch-rich or a fat-rich diet on embryonal survival in multiparous sows, and Grandhi (1988) found no effect of fat supplementation on embryonal survival in gilts. However, in another experiment of Grandhi (1988) , embryonal survival was decreased in fat-supplemented sows during early gestation, possibly due to their higher energy intake.
The greater uterus weight after removal of the embryo-placental units in sows fed the High feeding level during lactation is possibly due to the greater body weight of the sows at weaning in the High than in the Low feeding level (151 vs 147 kg; van den Brand et al., 2000) . In the present study, average placental and embryonal weight and length were not affected by treatments. In a study of Ashworth (1991) with restrictedfed (1.15 kg/d) cyclic gilts during two estrous cycles before insemination, embryonal weight at d 30 of pregnancy was lower than in unrestricted animals (2.3 or 4.6 kg/d). The relatively mild feed restriction during lactation in the present study did not seem to induce differences in embryonal weight at d 35 of the subsequent pregnancy. Other studies showed no differences in embryonal (Grandhi, 1988; Perez Rigau et al., 1995) and placental weight (Perez Rigau et al., 1995) between sows fed a starch-based diet or a fat-based diet. From studies with rats (Koski et al., 1986; Kubow and Koski, 1995) , only extreme maternal diet compositions (carbohydrate or fat free) resulted in retarded embryonal and placental development.
In agreement with the present study, Ashworth (1991), Pharazyn (1992) , and Jindal et al. (1996) gave evidence that progesterone concentration is related to embryonal survival. In contrast with studies of Jindal et al. (1996 Jindal et al. ( , 1997 and Foxcroft (1997) , no correlation was found between plasma progesterone concentration in early pregnancy (72 h after the onset of estrus) and embryonal survival. In the present study, differences in progesterone concentration between sows with more or less than average embryonal survival were evident from 172 h after the LH surge. Because, in the present study, feeding level in early pregnancy was similar for all sows, the differences in plasma progesterone concentrations are probably due to differences in progesterone production. In the studies of Jindal et al. (1996 Jindal et al. ( , 1997 , differences in progesterone concentrations were due to differences in blood clearance rates as a result of differences in feeding level in early pregnancy. This suggests that plasma progesterone concentration is important for embryonal survival not only in very early gestation, but also in progressing pregnancy.
The positive correlation between mean progesterone concentration and glucose concentration in the amniotic fluid suggests that glucose is involved in the relationship between progesterone and embryonal survival.
From the present study, we conclude that feeding a starch-rich diet resulted in a significantly higher plasma insulin concentration during lactation (van den Brand et al., 2000) and a larger follicle size on d 2 after weaning compared with a fat-rich diet. Although it has been demonstrated that exogenous insulin can reduce follicular atresia (Matamoros et al., 1991) and increase ovulation rate (Cox et al., 1987) , in the present study no positive effect of the insulin-stimulating diet (Starch) on ovulation rate, progesterone concentration, and embryonal survival was detected.
Implications
Altering feeding level during lactation and dietary energy source (either starch or fat) fed from farrowing until early pregnancy does not seem to influence embryonic development and embryonal survival. Dietary-induced differences in plasma insulin concentration seem to play a relatively minor role in the relationship between nutrition and embryonic development and embryonal survival.
